A methodology for reoxygenation of in situ benthic chamber systems by enzymatic catalysis of hydrogen peroxide with catalase was developed. For a 10-liter benthic chamber, the injection of 1 ml of catalase suspension (26,000 U ml-') followed by 10 ml of 0.5 M hydrogen peroxide solution resulted in complete reoxygenation within 2.5 min at 25°C.
In situ benthic chambers have been used for the assessment of oxygen transfer and nutrient flux kinetics in both lotic (1, 7) and lentic (4, 8) environments. A frequent constraint on the use of such a benthic chamber is the need to obtain a measurement before the dissolved oxygen (DO) within the chamber falls to concentrations not normally encountered in the undisturbed environment. Such a lowering in DO concentration limits the measurement of oxygen demand kinetics and may lead to erroneous estimates of the nutrient flux. This has led to the recommendation of "optimal" surface-to-volume ratios for chamber design (2) . On some occasions, the use of these chambers may be limited by low DO concentrations (e.g., as a result of diurnal photosynthetic activity in a lake hypolimnion or below an organic discharge).
In my studies on benthic uptake by streambed microorganisms, it proved necessary to obtain numerous replicate measurements at each sampling location to study the effects of glucose addition and changes in circulation velocity. This paper describes the development of a method for reoxygenation of the chamber waters by adding the enzyme catalase to generate DO from added hydrogen peroxide.
Production of oxygen from a catalase-hydrogen peroxide system has been used in the calibration of oxygen electrode systems (9) and appeared to offer a number of advantages in benthic chamber reoxygenation: small volumes of liquid involved, precise quantitative and rapid addition of DO, and ease of manipulation in the field compared with systems that depend on compressed air for gaseous reoxygenation.
In the development of this reoxygenation technique, a number of questions had to be answered: are the microorganisms adversely affected by catalase or hydrogen peroxide, how much catalase is required and is it decomposed during the measurement period, and how much time is required after the catalase and peroxide additions before respiration rate measurement should recommence?
Reagent grade hydrogen peroxide (30%, wt/wt) was diluted to 0.5 mol liter-l with distilled water. The diluted peroxide was stored at 0 to 4°C in a polythene bottle until use. For quantitative use, the H202 concentration was determined by the addition of precisely measured volumes of H202 to 300 ml of deoxygenated water in a standard biological oxygen demand bottle, followed by the addition of catalase and measurement of the liberated DO with a stirring oxygen electrode.
A suspension of crystalline catalase (activity, 26,000 Sigma units [micromoles of H202 degraded per minute per milligram of catalase protein], 28 mg of protein ml-'; Sigma Chemical Co., St. Louis, Mo.) was used for all reoxygenation experiments. The purified powder preparations were tried initially, but difficulties with homogenization made consistent preparation of comparable stock solutions difficult. The catalase suspension was always added before the hydrogen peroxide was introduced and with sufficient time to allow for complete mixing; this was done to minimize toxicity which might occur as a result of exposure to the hydrogen peroxide.
The reaction between catalase and hydrogen peroxide may be described by second-order kinetics (5), in which the rate of reaction and the time to completion are functions of both catalyst and substrate concentrations. Since the concentration of hydrogen peroxide to be catalyzed is limited by the solubility of oxygen in water at environmental temperatures (maximum oxygen liberation, 9 mg liter-1 at 20°C), only the concentration of catalase present may be usefully manipulated. For a fixed peroxide concentration, the effect of an increase in the catalase concentration is a progressive increase in the initial reaction rate and a decrease in the time to effective reaction completion (Table 1) . Once a catalase concentration of about 73 U ml-' has been achieved, however, little decrease in time to effect completion below 2.5 min occurs.
Confirmation of the suitability of a fixed period to reaction completion (3 min) was obtained by an experiment in which catalase activity was constant (73 U ml-') but different volumes of hydrogen peroxide were added (Fig. 1) . The linearity of Fig. 1 confirmed the suitability of the reaction and the fixed endpoint approximation for quantitative analysis.
Two pure cultures (an Aeromonas sp. and a Pseudomonas sp.) isolated from the Waikato River, Hamilton, New Zealand, were each grown on 500 ml of a mineral salts medium (3) containing an initial glucose concentration of 1,000 mg liter-' with shaking incubation at 25°C for 24 h. Cells were then centrifuged at 10,000 x g, washed, recentrifuged, and suspended in mineral salts medium to their original volume. Cell densities were 8,115 and 6,985 mg liter-1 (dry weight) for Aeromonas sp. and Pseudomonas sp., respectively. These cell suspensions were aerated at 25°C for 2 to 3 h to reduce endogenous metabolism, at which time glucose was added to a final concentration of 50 mg liter-1.
Catalase (final activity, 103 U ml-1) and then hydrogen b_, Not determined.
The addition of catalase followed by hydrogen peroxide caused no significant changes in the respiration rate from that of the control (Fig. 2) . The rapid increase in the DO concentration following peroxide addition did not influence the respiration rate, which after 3 min had returned to the pretreatment rate. The respiration rate was independent of the DO concentration above 0.5 mg liter-'. Similar results were found for the Pseudomonas sp. tested, with no significant change in respiration rate on catalase-peroxide treatment.
Field experiments were conducted with a recirculating benthic chamber system in moderate-velocity rivers (0. This chamber has been described in greater detail elsewhere (C. W. Hickey, submitted for publication). The water circulating within each chamber was continuously monitored for DO with a YSI model 56 monitor (Yellow Springs Instruments, Yellow Springs, Ohio) and recorded with a data logger at 30-s intervals. Turnover time (defined as the total volume x [cross-sectional area x mean velocity]-') for the chamber is about 6 s, and so at least 20 s was allowed for complete mixing between the addition of catalase and the subsequent H202 addition. The activity of catalase necessary to complete the reaction in a minimal period is about 73 U ml-1 (final concentration) for a 2.5-min reaction time (Table 1 ). In a 10-liter chamber this results in an increase in dissolved protein concentration of 2.8 mg liter-'. This may be decreased to 0.28 mg liter-1 by using a catalase activity of 7.3 U ml-1, whereby reaction time increases to 5 min if protein degradation and subsequent oxygen demand occur.
Catalase and hydrogen peroxide addition produced rapid reoxygenation (Fig. 3) , with no bubble formation evident within the chamber. Rapid mixing occurs in these chambers because of the high circulation velocity; however, in a chamber with slow mixing a more dilute peroxide solution might be required to prevent bubble formation.
Successive reoxygenations showed a decline in catalase activity after 4 h of incubation, resulting in a slower rate of reoxygenation (data not shown). The degree of inactivation would probably vary with the sampling site, depending on the microbial activity, presence of metal ions, and other environmental factors. The initial rate of peroxide decomposition may be used to indicate the catalase activity (Table  1) The catalase-peroxide reoxygenation permitted a number of chamber manipulations to be performed which would not otherwise have been possible. Diurnal DO variation at the site ranged from 4 to 10 g m-3 as a result of photosynthetic activity, and so the first reoxygenation facilitated both the comparison of benthic oxygen transfer rates for the first two runs (i.e., repeatability) and the measurement of oxygen transfer rates over a greater range of DO concentrations. Subsequent reoxygenations facilitated the measurement of the rate at which added glucose was removed from the system. Benthic oxygen demand was confirmed as a logarithmic function of DO concentration in the overlying water, with a maximal benthic oxygen demand of 36 g m-2 day-' at a DO of 8 g m-3. Further details of this logarithmic relationship have been presented elsewhere (6) . The work has also been extended to investigate the effect of chamber hydrodynamics (principally circulation velocity) on oxygen transfer.
In conclusion, a quantitative enzymatic method for the addition of DO to benthic chamber systems has been presented. This facilitates the repetition of a number of runs at a single site, allowing a range of experimental manipulations of water chemistry and of hydrodynamic conditions to be used, and facilitates measurement of oxygen transfer to sediments at stations with low DO. The technique is simple and does not require complex mechanical equipment. It would be suitable for adaptation to a remote triggering of reactant introduction and could be modified for continuous or automated injection of hydrogen peroxide to maintain a desired DO concentration.
